One of the key factors for obtaining accurate and reliable results using the finite element method is the discretisation of the domain. Traditionally, two main types of elements are used for three-dimensional mesh generation: tetrahedral and hexahedral elements. Tetrahedral meshes are automatically generated but standard displacement-based tetrahedral elements generally suffer from performance issues in terms of convergence rate and accuracy of the solution associated with volumetric and shear locking. Because of these distinct disadvantages, hexahedral meshes have been used up until now for the design of biomechanical models of the orofacial system in particular for medical applications. However, hexahedral meshing is very costly and labour-intensive when the mesh must be hand-made. The aim of the present contribution is to evaluate the performance of mixed element meshes as an alternative to all-tetrahedral or all-hexahedral meshing for the analysis of problems involving nearly incompressible materials at large strains. The case study of a semi-confined compression experiment of an elastic cylindrical specimen was analysed. The theoretical expression of deformation was derived from the literature. We observed that linear mixed element meshes allowed results very close to those obtained using hexahedral ones. As a second experiment, we generated a mixed element mesh of the tongue and analyse its simulated response to activation of the posterior Genioglossus muscle. Overall, our results show that mixed element meshes can be used as computationally less demanding alternative to all-hexahedral meshes for the analysis of problems involving nearly-incompressible materials at large strains.
Introduction
Finite element analysis (FEA) is a very popular research tool that has been used in the last two decades to provide insights into the biomechanics of the orofacial system, and, more specifically: (i) for studying non-pathological tongue functions such as speaking (Wilhelms-Tricarico 1995; Dang & Honda 2004; Buchaillard, Perrier, et al. 2009 ) or swallowing (Kieser et al. 2014 ) and (ii) for improving the clinical treatments of upper airway disorders such as obstructive sleep disorders (Zhao et al. 2013; Pelteret & Reddy 2014) and functional impairments associated with tongue surgery (Buchaillard, Brix, et al. 2007; Fujita et al. 2007 ). Previous work from the authors have focused on the development of a three-dimensional (3D) finite element (FE) biomechanical model of the main speech articulators for: (i) speech production modelling (Buchaillard, Perrier, et al. 2009; Nazari, Perrier, Payan 2013) and (ii) the preoperative prediction of the consequences of carcinologic tongue resection on tongue mobility (Buchaillard, Brix, et al. 2007) .
Finite element meshing is a key factor for obtaining accurate and reliable results. Traditionally, two main types of elements are used for three-dimensional mesh generation: tetrahedral and hexahedral elements. Tetrahedral meshes are more easily automatically generated. However, the standard displacement-based tetrahedral element (Bathe 1982) suffers from several distinct disadvantages, namely (i) reduced order of convergence for strains and stresses (Payen & Bathe 2011 ) and (ii) stability issues associated to shear locking, volumetric locking (Joldes et al. 2009; Onishi & Amaya 2014) and pressure checkerboard instabilities (Andrade Pires et al. 2004) . Volumetric locking in finite elements has been a major concern since its early developments. This is an artificial stiffening that appears when modelling the response of incompressible (or almost incompressible) materials such as biological soft tissues (Joldes et al. 2009 ). The incompressible nature of the material translates into kinematic constraints that force the Finite Elements to deform with a constant volume (Ponthot 1995) . The consequence is that the degrees of freedom of the Finite Element mesh are no longer independent, as they should be in theory, resulting in an overconstrained problem.
To avoid volumetric locking associated with tetrahedral elements, hexahedral meshes have been used until now, in previous works from the authors, for the design of biomechanical models. A generic tongue mesh was manually designed by Gérard et al. (2003) and improved by Buchaillard, Perrier, et al. (2009) in the ANSYS framework, based on a combination of information and industry. The versatility of tetrahedra helps to mesh complex geometries. Tetrahedral meshing procedures are mainly based on the Advancing Front Technique (Lhner & Parikh 1988) , the Octree methods (Shephard & Georges 1991) and the Voronoi Delaunaybased methods (Weatherill & Hassan 1994) . Many of the developed techniques have been implemented in the preprocessing modules of commercial finite Element software products, such as ANSYS, ABAQuS and Altair HyperMesh. They are also freely available in many open source projects, such as TetGen (Si 2015) and the Computational Geometry Algorithms Library 2 . Automatic hexahedral mesh generation, on the other hand, is still considered to be a challenging research topic (Tautges et al. 1996; Viceconti & Taddei 2003) . Hexahedral meshing algorithms are generally grouped into five main categories (Zhang & Bajaj 2006; Fernandes & Martins 2007; Kowalski et al. 2015) : (i) mapped and sweeping meshing techniques (Hannaby 1988 ), (ii) medial surface techniques (Price & Armstrong 1997) , (iii) plastering techniques (Blacker & Meyers 1993) , (iv) indirect meshing techniques and (v) grid-based techniques (Schneiders 1996) . Some of the developed techniques have been implemented in commercial FE meshing software packages such as TrueGrid which features a multi-block approach (a mapped and sweeping meshing technique). This technique has successfully been used for the creation of a hexahedral mesh of the femur (Schonning et al. 2009 ). However, the authors reported an extensive amount of manual intervention.
Several works, especially from the computer graphics community are contributing to help converge to a solution for the automatic all-hexahedral meshing problem. The PolyCube-Maps, introduced by Tarini et al. (2004) , was conceived as a mechanism for superior texture mapping in a computer graphics context. Other groups (Livesu et al. 2013; Huang et al. 2014 ) used this technique as a starting point to develop algorithms to produce an all-hexahedral mesh. Another approach (Lin et al. 2012 ) needs user interaction to define skeletons that allow to produce hexahedral meshes. Finally the work of Li et al. (2012) needs, first, a tetrahedral mesh to compute a singularity-restricted field which allows to build an all-hexahedral mesh. However/ the authors mention that they cannot ensure that a restricted field can always be found, and, therefore, that a pure hexahedral mesh can always be produced with their approach. The main drawback of these techniques is that they tend to produce regular meshes, which may lead to an excessive number of nodes and elements in regions where they are not needed. This increases computational time for the simulation. Overall, the use of automatic hexahedral meshing procedures is still limited due to robustness issues and time needed to compute the simulation in some cases.
As an alternative, hybrid meshing or mixed element methods, where tetrahedra, prisms and pyramids are combined with hexahedra, have been used in various engineering scenarios, such as, for example, Computational Fluid Dynamics applications (Khawaja & Kallinderis 2000) and computer graphics simulations (Martin et al. 2012) . The main issue adressed in the literature is the development of methods for interfacing tetrahedra with hexahedra (Conti et al. 1991; Owen & Saigal 2001; Nicolas & Fouquet 2013) .
Related work on the development of both hexahedral and mixed element meshing algorithms reported in the literature is extracted from the Visible Human Project 1 data-set and from Takemoto's (2001) dissection data Takemoto 2001. in order to account for muscle force application, macro-fibres, joining the FE nodes of the elements associated with a tongue muscle according to the muscle fibres? directions, were defined using external force generators. External distributed forces were enforced along the edges of the elements to simulate active muscle force generation. This modelling approach imposed important constraints on mesh design, as the hexahedral FE mesh had to be created in such a way that their vertices corresponded to the fibre directions for realistic muscle force orientation patterns. This functional modelling of muscle force distribution proved to be very useful for testing motor control models in speech production (Buchaillard, Perrier, et al. 2009; Nazari, Perrier, Chabanas, et al. 2011 ) and for evaluating the consequences of oral cancer surgery on tongue mobility (Buchaillard, Brix, et al. 2007 ). However, the developed tongue mesh proved to be limited: first in its capacity of handling complex articulatory patterns such as those observed in retroflex consonants (produced with the tongue tip curled back), involving strong curvature of the tongue's surface; and second in its capacity of accounting for palate/tongue contacts with sufficient spatial accuracy. Thanks to the recent progress in the development and implementation of FE formulation of muscle models, among others by the authors (Nazari, Perrier, Payan 2013) , it is now possible to decouple muscle implementation/ representation and mesh design. This freedom enables to investigate crucial issues underlying mesh design such as automatic mesh generation, simulation accuracy and computation time.
An alternative to both all-tetrahedral and all-hexahedral element meshes is the use of mixed elements (tetrahedra, triangular prisms, square pyramids, hexahedra). The overall idea is to take advantage of the benefits of combining both tetrahedral and hexahedral elements in order to automatically mesh almost any complex domain while using, thanks to a high ratio of hexahedral elements, the properties of these latter elements for numerical simulations of nearly-incompressible problems.
The goal of the present study is to evaluate the performance of a mixed element meshing technique we recently developed (Lobos & González 2015) . The modeling context of this study is incompressible materials at large strains. Evaluation is done by comparing the simulation results obtained using the mixed element mesh with those obtained using all-tetrahedral and allhexahedral meshes. To this end, we first evaluate the deformation of a cylindrical specimen of soft-tissues under uni-axial compression using a semi-confined configuration, for which (Miller 2005; Morriss et al. 2008 ) derived an analytical solution. Second, results provided by mixed element tongue meshes are quantitatively compared to all-hexahedral and all-tetrahedral meshes.
Meshing background

Related work on meshing techniques
in this section the main techniques used to generate meshes are discussed with regard to the type of elements they employ to achieve a discretisation: tetrahedra, hexahedra and mixed elements.
Automatic three-dimensional tetrahedral mesh generation has been extensively studied (Thacker 1980) and tetrahedral meshing procedures have become commonplace in research generally motivated by meshing challenges. Therefore, evaluation usually consists in demonstrating the performance of the developed method on several complex 3D geometries and evaluating the results with standard shape-quality metrics (Santis et al. 2011; Pellerin et al. 2014; Wu & Gao 2014; Kowalski et al. 2015) .
Developed mixed element meshing technique
We recently reported a new automatic mixed element meshing technique (Lobos & González 2015) . in a few words, our algorithm is based on the Octree technique, which starts with a bounding box (hexahedron), and recursively splits it into new octants. The octants that are left completely outside the input domain are removed from the mesh. The octants intersecting the boundary of the input domain may be replaced with mixed elements to achieve a better representation of curved domains. Finally, mixed elements are also introduced between fine and coarse regions to produce a conformal mesh.
The main input to the algorithm developed in Lobos and González (2015) is a closed triangular mesh describing the domain for which a volume mixed element mesh is required. Our automatic algorithm then determines a set of octants that enclose the entire input domain. The octants can be seen as spaces that hold other smaller octants or a set of geometrical elements. in most cases, the Octant is a regular hexahedron (a cube). Depending on the problem domain, more than one octant can be used as starting point: one cube may be a good starting point to enclose a brain, but a bad one to enclose a femur bone.
in this work, the Refinement Level (RL) of an Octant refers to the number of recursive splits into new octants. For instance, if an Octant has RL = 2, it means that it was split into 8 new octants, and each one of them into 8 new ones, so the space covered by the original cube is now represented by 8 × 8 = 64 new octants. Note that in 2D this would be 4 × 4 = 16 new squares. Now let us consider the visual example in 2D of Figure  1 (a), where Octant 1 intersects a section of the boundary while the other 2 are inside the input domain. if we impose RL = 2 for Octant 1 (see in Figure 1 (b)) the resulting mesh is non-conformal.
The transition between octants with different RL is achieved using a set of patterns explained in González and Lobos (2014) . Each pattern is composed by several sub-elements and consequently, the Octant is no longer one cube. This is the first step in our algorithm that introduces mixed elements: tetrahedra, pyramids, prisms and hexahedra. We have considered all possible configurations when the difference in RL between the transition Octant and its neighbors is no greater than 1. We call this property (the difference in RL): 1-irregular. For instance, in the configuration of Figure 1 (b), Octant 2 is the only one that is not 1-irregular because Octant 1 has RL = 2 while Octant 2 has RL = 0. in order to achieve the 1-irregular property we must split once Octant 2 and now the property is fulfilled throughout the mesh (see Figure 1(c) ).
The next step is to decrease the chances of producing inverted elements when trying to achieve boundary representation. The collared octants in Figure 1(c) intersect the boundary, meaning that those quadrilaterals (hexahedra in 3D) have some nodes inside and outside the input domain. We will refer to them as Surface Elements or Surface octants. A previous work (Lobos 2013) analysed node configuration of Surface octants that may produce invalid hexahedra. if that is the case, the hexahedron is replaced by mixed elements that decrease the chance of producing inverted elements.
The result after Surface and Transition patterns are applied can be seen in Figure 1(d) . it may be seen that some unnecessary triangles were inserted in the 2D example, however this ensures the output mesh will be conformal in the much more complicated configurations of 3D problems.
As previously mentioned, the domain's boundary is not the only input to our algorithm. There are some options that define the way the refinement is achieved. We have defined criteria like: every Surface Octant must be refined to level x, or all the elements in the mesh must be refined to level y. These criteria can be combined. For instance, the example of Figure 1 was produced demanding a RL = 2 for Surface octants. if we now consider an example with Surface RL = 2 and RL = 1 for all the rest, the equivalent of Figure 1 
Materials and methods
Analytical solution of a semi-confined compression experiment
To assess the influence of three-dimensional finite element mesh when simulating the finite deformation of an incompressible material, the semi-confined compression experiment described in Miller (2005) , for which an analytical solution has been derived based on Klingbeil and Shield (1966) , is simulated. The experiment consists in testing in compression a cylindrical specimen with low-aspect ratio. in the semi-confined configuration, the top and bottom faces of the specimen are rigidly attached to the platens of the stress-strain machine to ensure no-slip boundary conditions. Thanks to the availability of the analytical expression of the shape of the deformed specimen, it is possible to compare the theoretical maximum displacement of the cylindrical specimen with the maximum displacement obtained using the Finite Element Method. For reference, we recall the formulae in Appendix 1. The model was loaded by applying displacement boundary conditions on the top surface of the cylinder until it reached respectively 90 and 80% of its initial height (i.e. respectively 10 and 20% displacement). As shown by Morriss et al. (2008) , the analytical model proposed by Miller (2005) for semi-confined compression experiments of very soft tissues is limited to the range of conditions before formation of the expansion ring, i.e. before the material specimen comes in contact with the compressing platen. All the simulations were carried out with a mixed up formulation for all the elements.
Parametric study
A parametric study has been conducted to evaluate the sensitivity of the cylinder response to the ratios of hexahedra/tetrahedra elements in the mixed element meshes. The distribution of each mesh is summarised in Table 1 . A cylinder mesh named cylSXAY has a refinement level X for surface elements and a refinement level Y for all the other elements.
Post-processing
The height of the deformed cylindrical specimen obtained from the FE simulation is normalised to allow comparison with the theoretical results given in Miller (2005) . The normalisation is performed as follows: (i) the elevation Z of each node on the side of the specimen is scaled relative to the initial height H in order to bring all the values in the range [−1, 1] (ii) the current radius r characterising the position of each node on the side of the sample is normalised relative to the initial radius R.
Results for cylindrical specimen and Interpretations
Results
Figure 3(a) shows a plot of the deformed shape of the cylinder specimen corresponding to a displacement of the machine head inducing h / H to change from 1 to 0.9. Figure 3(b) shows the same for h∕H = 0.8. Both, the analytical solution and the computed numerical solutions are superimposed in the plots. Results obtained using linear (enhanced low-order) elements are depicted in Figure 3 (a) while results obtained using quadratic elements are shown in Figure 3(b) . Table 2 contains the theoretical and numerical results of the compression experiment. Quantitative evaluation of the deformed shape is based on the maximum deflection of the side of the cylinder specimen (in Z∕H = 0). This point also corresponds to the maximum discrepancy observed between the analytical solution and the numerical results. Table 3 contains the numerical results of the compression experiment obtained using the different mixed element cylinder meshes.
On these two graphs, we can see that the results obtained using the dedicated ANSYS linear-enhanced elements and those obtained using the quadratic elements are very close, showing that the models have converged and that increasing the number of degrees of freedom doesn't change the solution. As detailed in Table 2 , increasing the number of degrees of freedom from
FEA of the compression experiment
A three-dimensional finite element model of the semi-confined compression test was constructed using the ANSYS software. A cylindrical soft tissue specimen of 40-mm diameter and 30-mm height was modelled (Figure 2(a) ). Encastre boundary conditions were imposed at the bottom and displacement boundary conditions enforced at the top surface to model the movement of the stress-strain machine platen.
Three types of meshes were tested: a coarse and fine alltetrahedral mesh (Figure 2(b) ) generated using the ANSYS meshing algorithm; a coarse and fine all-hexahedral mesh (Figure 2(c) ) also generated using the ANSYS meshing algorithm; and five mixed element meshes (Figure 2(d) ) generated using the automatic mixed element meshing algorithm developed in Lobos and González (2015) . in this case, all the octants at the boundary of the cylinder have the same size but the discretisation of the cylinder's inner section was performed differently. From left to right on Figure 2 , the mixed element meshes are refined and the number of nodes increased until an almost regular hexahedral mesh is reached. For the two meshes at the bottom of Figure 2(d) , the octants at the boundary are smaller than the octants in the three previous meshes. Details on the different meshes are given in Table 1 . in particular, the mixed element meshes have been named according to their "refinement level" on the Surface (which are the boundary elements) and on the inside. A refinement level of 5, for instance, means that the Octant was recursively split into 8 new octants 5 times. Accordingly, the cylinder mesh named cylS4A2, for example, means that a refinement level of 4 was used for the surface and a refinement level 2 for all the other elements.
The improvement of the performance of low-order elements, for incompressible deformations, has been, in the recent years, an important issue. Many finite element software products employ low-order elements because they are generally computationally less demanding and, therefore, faster. in ANSYS, two dedicated enhanced low-order elements are proposed for modelling nearly-incompressible materials: (i) a mixed up formulation 4-node tetrahedral element (ANSYS solid285) and (ii) a reducedintegration 8-node hexahedral element with hourglass control (ANSYS solid185). The traditional displacement-based linear tetrahedral elements, which are known to perform poorly in nearincompressible regime are not available for problems involving hyperelastic materials at finite strain. in addition to these two enhanced low-order elements, two quadratic elements (i.e. with parabolic displacement functions) were also tested: the 10-node quadratic tetrahedral element (ANSYS solid187) and the 20-node quadratic hexahedral element (ANSYS solid186). The influence of the number of degrees of freedom of the enhanced low-order mesh was analysed to determine an adequate mesh size (for each element type) that provided steady model predictions without further need for an increase in mesh density. The same element size was used for both the enhanced low-order mesh and the quadratic mesh. The number of elements, nodes and degrees of freedom for each three-dimensional mesh are given in Table 2 .
For the analysis, we used a Neo-Hookean hyperelastic model to describe the soft tissue specimen. Values previously reported by Buchaillard, Perrier, et al. (2009) for the tongue were used (c 1 = 1037 Pa and K = 2.10 7 Pa).
Interpretation
The results reported show that mixed element meshes perform quite satisfactorily in terms of accuracy and computation time. Thus, mixed element meshes are good candidates for modelling incompressible materials at large strains, as it is necessary, for example, when simulating the biomechanical response of human tongue. The CPu time needed to compute the response was the smallest for the reduced integration linear hexahedral element with hourglass control with an accuracy equivalent to the one that is obtained with quadratic elements (532 s for the coarse linear all-hexahedral mesh instead of 17,341 for the fine all-hexahedral mesh for h∕H = 0.9 case). The computation cost (CPu time) was slightly more important with linear mixed elements (661 s for the cylS4A2 linear mixed element mesh instead of 17,341 s for the fine all-hexahedral mesh for h∕H = 0.9). However, it should be emphasised that the mixed element mesh can be generated automatically for complex geometries such as the human tongue, contrary to hexahedral meshes which require either a manual design or an access to the techniques cited in Section 2.1, which present some drawbacks such as a regular element distribution and very long computation times.
This opens new perspectives for the development of proper FE models, for which mesh generation is critical and very time consuming. in order to evaluate the performance of the developed mixed element meshing algorithm in a more realistic context for medical applications, the automatic design of a tongue mesh is proposed and assessed in the next section.
19,206 to 483,185 for the tetrahedral mesh has virtually no effect on the simulation results.
On these two graphs, we can also observe a significant difference between the numerical results (at convergence) and the analytical solution for the cylinder compression. This is due to the fact that many assumptions were made in Miller (2005) to derive the analytical solution: the theoretical solution reported is only valid for isotropic, incompressible materials and for moderate deformations when it can be assumed that planes initially perpendicular to the direction of applied extension remain plane. The material used in the numerical models is not fully-incompressible and the assumption that the planes perpendicular to the direction of the applied force remain plane during the experiment is also not verified. The error is more important as the imposed displacement increases (error increases as the imposed displacement changes from h∕H = 0.9 to h∕H = 0.8). This is consistent with the conclusions of Morriss et al. (2008) .
Although the analytical and numerical solutions do not agree, the following conclusions can still be drawn: (i) considering the solution obtained using the second order elements as a reference value, comparable accuracy can be obtained using mixed element meshes with much less CPu time (660 s for the cylS4A2 linear mixed element mesh instead of 27,887 s for the fine all-tetrahedral mesh for h∕H = 0.9 case) (ii) the linear enhanced low-order elements available in ANSYS for modelling nearly-incompressible materials (using the mixed u-P formulation for the tetrahedral element) can correctly handle incompressibility problems in the range of deformations considered in our study. meshes using our developed automatic mixed element mesh algorithm. All four meshes are shown in Figure 4 . The two mixed element meshes only differ in the type of refinement level used: A regular mesh with mixed elements at the surface ( Figure 5(a) ) on the one hand and a non-regular mesh with coarser elements in the inner part of the tongue (Figure 5(b) ) on the other hand. The main advantage of the non-regular over the regular tongue mesh is the reduction in nodes quantity. in this example, the non-regular mesh has only 75% of the number of nodes in the 5. Application to the modelling of the human tongue
Meshing the tongue
As mentioned in Section 1, this work is based on a generic all-hexahedral tongue mesh that was manually designed. The surface mesh of this model was extracted and used to generate new meshes. in particular, we used the surface mesh to automatically generate an all-tetrahedral mesh with ANSYS. The same surface mesh was then used to produce two different Table 3 . Cylinder response as a function of the ratio of hexahedra/tetrahedra elements in the mixed element mesh.
Model
Nodes Elem. % Error % Error CPu (s) To illustrate the influence of the choice of the Finite Element Mesh on the static mechanical response of the tongue to muscle activation, we focus on the activation of the posterior genioglossus (GGp) with the four tongue meshes: a full hexahedral mesh (Figure 4(a) ); a full tetrahedral mesh (Figure 4(b) ) and two mixed element meshes, a non-regular one (Figure 4(c) ) and a regular one (Figure 4(d) ). The activation of GGp compresses the tongue in the lower part and generates a forward and upward movement of the tongue body due to the incompressibility of tongue tissues.
in order to evaluate the differences in tongue response obtained using the various Finite Element meshes, the displacement of the tongue surface was extracted at the nodes in the mid-sagittal plane (Figure 7(c) ). in order to facilitate the comparison between the different meshes, the displacement was then interpolated on a meshgrid and reported on the undeformed configuration of the tongue (Figure 7(d) ).
Moreover, the following quantities were computed: (i) the Dice Similarity Coefficient (DSC), which was used to evaluate the spatial overlap of the deformed meshes in the mid-sagittal plane and (ii) the equivalent stress and strain in each (3D) tongue mesh. Given two sets A and B, the DSC is defined as:
The sets A and B were defined as the surface of the polygon specified by the vertices of the tongue nodes in the mid-sagittal plane. The polybool Matlab function was used to compute the surface in the mid-sagittal plane corresponding to the
in some modelling problems, computational time may be the most important constraint, therefore we include this in our analysis. By construction, in both cases, the tongue mesh consists of a high ratio of hexahedra to tetrahedra.
Biomechanical response of the tongue model to GGp activation
The muscles influencing the tongue shape consist of the five extrinsic muscles (genioglossus, styloglossus, hyoglossus, geniohyoid and mylohyoid) and the four intrisic muscles (inferior and superior longitudinal, verticalis and transversalis) as shown in Figure 6 . (a) (b) Figure 5 . using surface and transition patterns: (a) regular tongue mesh including only surface patterns, i.e. the roi is the entire domain, (b) non-regular tongue mesh including surface and transition patterns, i.e. the roi is limited to the set of octants intersecting the input surface. Figure 6 . the tongue shape is determined by five extrinsic muscles and four intrinsic muscles.
Downloaded by [152.77.241 .110] at 00:26 09 October 2017 regular mixed element meshes not only match in displacement magnitudes but also in displacement directions. The differences in the results obtained can be explained by the mesh discretisation which was relatively coarse for the manually-designed all-hexahedral mesh and fine for the all-tetrahedra and mixed element meshes. The mean value of the DSC is equal to 0.945 with a standard deviation of 0.02 for the deformed tongue, suggesting a high similarity between the deformed configurations. in the present case for the modelling problem of the tongue, we do not have an analytical solution with which we can compare the numerical results computed using the various meshes. Based on the results obtained with the cylinder (Section 4 above), we assume that the result obtained using the low-order hexahedral elements is sufficiently accurate to serve as a reference. in this context, our results show that a satisfactory solution is obtained using the regular mixed element tongue mesh. These findings reaffirm the important statement that mixed element meshes can be used as a powerful alternative to hexahedral meshes for the analysis of problems involving nearly incompressible materials at large strains.
Conclusion
The use of FEA as a simulation tool has grown exponentially in the biomechanical community in the last decades. These numerical models allow to compute approximate solutions of partial differential equations and to derive stress-strain laws or displacement fields that would, otherwise, be impossible to intersection � � A ⋂ B � � and the polyarea Matlab function to compute the surface area of � � A ⋂ B � � , |A| and |B|. The results are summarised in Table 4 .
Our results show that, as it was the case for the cylinder compression experiment, the computed displacement field (range 15.8 -21.6 mm), equivalent stress field (range 17.8 -22.1 kPa) and strain field (range 20.8 -26%) are very close. obtain given the complex geometries and material constitutive laws of human organs. One of the key factors for accurate FEA is the mesh generation and the element performance. The performance of both hexahedral elements and tetrahedral elements have been evaluated in a certain number of studies in the literature (Cifuentes & Kalbag 1992; Polgar et al. 2001; Ramos and Simes 2006; Bourdin et al. 2007; Tadepalli et al. 2011) . Much effort has also been devoted to the development of non-locking tetrahedra, especially in the context of surgical simulations (Bonet & Burton 1998; Zienkiewicz et al. 1998 , Dohrmann et al. 2000 Joldes et al. 2009 ). The objective of this contribution was to assess whether mixed element meshes could be used as an alternative to allhexahedral meshes for the analysis of problems involving nearly-incompressible materials at large strains, as is the case for the human tongue, without introducing artificial stiffening in the form of volumetric locking that could compromise the accuracy of the solution. The case study of the semi-confined compression experiment of an elastic cylindrical specimen was analysed using FEA and compared with the theoretical expression of deformation derived from the literature. Overall, we observed that linear mixed element meshes gave results very close to those obtained using all-hexahedral meshes at lower computational time. Our results also showed that the linear enhanced low-order elements available in ANSYS for modelling nearly-incompressible materials (the linear 4-node tetrahedral element with mixed u-p formulation and the linear 8-node hexahedral element with reduced-integration and hourglass control) can correctly handle incompressibility problems in the range of deformations considered in our study. We then assessed the behaviour of mixed element meshes of the human tongue. Mixed element meshes were thus proved to be efficient and reliable for biomechanical tongue modelling. Overall our study opens new perspectives for the development of FE models using mixed element meshing algorithms. 
